ABSTRACT
Introduction
A rectangular microstrip patch resonating with the fundamental TM 10 mode radiates along the broad side and the field is linearly polarized. However, some degree of orthogonally polarized, called cross polarized radiations take place. Theoretical investigations were reported in [1, 2] . The cross polarized radiation becomes significantly prominent for probe-fed designs and particularly when the thickness and dielectric constant of the substrate increase [3, 4] . The radiation characteristics of nearly square microstrip antenna are greatly affected by the shape and size of the ground plane [5] .
Variable width-to-length ratio (aspect ratio p = a/b in Figure 1 ) severely affects the co polarized gain and cross polarization characteristics of microstrip patch antenna. Some recently reported articles [6, 7] show the variation of input characteristics like operating frequency and input impedance of microstrip antenna as a function of aspect ratio. But no systematic study addressing the effect of aspect ratio (a/b) on radiation characteristics has been reported earlier. In order to alleviate the lacunae of the previous studies, we have investigated the effect of aspect ratio (a/b) on the overall radiation performance of microstrip antenna. The complete variation of co polarized gain along with cross polarization characteristics as a function of aspect ratio p has been presented thoroughly. The physical insight into the observed phenomena are indicated using simulation results. A quick hand calculation for estimation of change in co polarized gain as a function of aspect ratio along with the value of that (p) for which minimum cross polarized radiation occurs are also presented physically and quantitatively.
Antenna Geometry
A rectangular microstrip antenna with length b and width a is shown in Figure 1 (top-view of the patch and side view of whole antenna structure). A dielectric substrate of thickness h and relative permittivity of ε r = 2.33 is sandwiched between the patch and ground plane. When this antenna is fed with coaxial probe at proper feed location (x', y'), the structure becomes radiating and the effective dimensions of length and width becomes b + 2∆b and a + 2∆a respectively as indicated in the figure. The ground plane dimension for the present investigation has been chosen to 0.5λ × 0.5λ.
Results and Discussions
Simulated results obtained for a wide range of aspect ratios which show the complete behavior of co polarized and cross polarized radiation fields. The investigation has Figure 2 , the radiation characteristics of a conventional rectangular microstrip patch antenna without airgap and variable aspect ratio are shown. For a fixed length patch (b = 30 mm), increasing value of a causes increase in aspect ratio p. When p ratio increases from 1.0 to 1.7, the peak gain is found to increase by around 1.2 dB (Figure 2 ). The identical observation is revealed in co polarized peak gain values when 1 mm air-gap has been introduced between the substrate and the ground plane though not shown in this paper.
The physical insight in to obtaining such increment in peak gain with increased aspect ratio has been explored employing simulated current distribution on the patch surface, as shown in Figure 3 . From a comparison of electric surface currents depicted in Figure 3 , it is apparent that the current due to p = 1.5 is more uniformlydistributed over the central part of the patch than that due to p = 1.0. Also, the effective radiating area in Figure 3 (b) is larger than that in Figure 3(a) , which corroborates the improved gain of the patch.
The profile of the peak gain as a function of aspect ratio are shown in Figure 4 for the patch without air-gap. It is observed that the gain increases with the patch width up to a certain value of p = 1.5 and then it has a propensity to saturate as is clear from the figure.
Quantitative Estimation of Co-Polarized Gain
Enhancement with Aspect Ratio The gain of any antenna is directly related with its effective radiating area A eff. . So without going to rigorous calculations of the fields and power for absolute gain values, we can simply compare the change in the gain value compared to an identical reference one (antenna with p = 1) as:
where x may be any value between 1 to 2. 
The operating wavelength λ can be theoretically determined as [6]  
where is the operating wavelength of the signal. For a rectangular patch, as shown in Figure 1 , its effective radiating area may be calculated as
where, b and a are the physical length and width of the patch, respectively. The quantities b and a represent the effective increments in respective dimensions caused by the fringing electric fields, which can be accurately determined using the recent formulations developed by the present authors in [7] as
Here, q is the fringing factor and its derivation is indicated in [6] .
Using (1)- (5), the gain enhancement (∆G) of any rectangular microstrip antenna (RMA) with an aspect ratio p = x with respect to the reference antenna (p = 1) can be computed. The computed results of ∆G of RMA with some commonly used aspect ratio (i.e. p = 1.2, 1.5, 1.7) compared to reference antenna is shown in Table 1 . The simulated results are also shown in the table to validate the theory and close mutual agreement is revealed between the theoretical prediction and simulated results.
Behavior of Cross Polarized Radiation as a Function of Aspect

Physical View
The cross polarized radiation field is found to be affected severely with aspect ratio p. This cross polarized radiation is generally small in E plane whereas this in H plane degrades the overall radiation performance strictly, as obtained in the open literature [9] . The fact is very clear from Figure 2 . Moreover, the cross-polarized radiation in H plane becomes maximum around 50˚ of the broadside direction and this is equally valid for all values of aspect ratio p from 1 to 2 as depicted in Figure 2 . But the maximum value of the cross polarized radiation field varies with aspect ratio p and this value becomes minimum for p =1.37 as shown in Figure 5 . Thus Figure 5 is indicative in terms of revealing opti- mum p = 1.37 for obtaining optimum gain along with minimum cross polarized radiation. With a view to develop a complete physical idea, the automatic excitation of higher order modes for different aspect ratios are presented in Figure 6 . Here, all the patches were fed at optimum matched location and it is seen that a patch with aspect ratio 1.37 is almost free from unwanted excitation of the higher order modes as observed from the figure.
As we know that the cross polarized radiation fields are mostly due to the orthogonal higher order modes, Figure  6 corroborate the reality of getting minimum cross polarized radiation with a microstrip patch having a/b = 1.37.
Quantitative Estimation
The cross polarized radiation fields are mainly due to the radiation of orthogonal higher order modes and these radiation takes place from non-radiating slots of RMA which are separated by the width of the patch a. These two non radiating slots can be considered to form a 2 element array which are responsible for such cross po- 
here ψ is the phase shift between the radiations coming from adjacent radiators and 2π cos a
where α is the angle between the array axis and the point where we are interested to find the array factor A f . Now the array factor A f of two non radiating slots along with primary radiation from those slots produces maximum at certain angle β of the broadside direction. Thus we are concerned with the array factor at that angle where α = (90˚ -β). δ is the phase shift between two non radiating slots and this depends on the distance between them i.e. the width a of the patch.
Hence, 2π 2π a
and this becomes positive if
Thus the minimum value of p is as given by Equation (14).
For the present investigation, we are concerned to find the array factor at β = 50˚ as is clear from Figure 2 . Hence α = 40˚. Using b = 30 mm, λ = 100 mm for resonant frequency f r = 3 GHz Equation (14) gives p = 1.37 which is in excellent agreement with the simulation result as depicted in Figure 5 .
Again for the patch described in [10] , it is found that cross polarized radiation becomes dominant at β = 36˚ which is equally valid for two aspect ratios p =1.25 and 1.5 as shown in of Figure 3 [10] . Thus α = 54˚ for two patches (with b = 22.58 mm, λ = 78.94 mm for resonant frequency f r = 3.8 GHz )investigated in [10] . The use of Equation (14) gives that the minimum cross polarized radiation occurs when p = 1.49 which is similar with the experimental results reported in [10] . Hence the aspect ratio p for which the cross polarized radiation becomes minimum is strictly dependent on the patch length b, operating wavelength λ and the angle β at which cross polarized radiation becomes maximum.
Co-Polarized to Cross Polarized Radiation Ratio
For the dominant TM 10 mode excitation and linear polarization, the mode TM 02 contributes maximum to the cross polarization as obtained from [9] . Following the theory developed in [10] and introducing the new effective dimensions of the patch, the co polarized to cross polarized field radiation ratio r in dB scale is given as: 
where δ eff is effective loss tangent = 0.001.
And A 10 and A 0n are excitation amplitudes and can be determined from [11] introducing new effective dimensions of the patch as 
And G mn is obtained from [11] . This ratio r is plotted as function of aspect ratio p in Figure 7 and it is found that the ratio is small when p =1 and then increases and becomes maximum at p = 1.37. Then as p increases r decreases. Simulation results depicted in Figures 4 and 5 further corroborates that the ratio becomes maximum at p = 1.37.
Conclusions
The effects of the width to length ratio (aspect ratio) of a RMA on its overall radiation characteristics have been investigated thoroughly. It shows the complete variation of co polarized gain and cross polarized field radiation as a major function of aspect ratio. Some optimum value of a/b is presented which should provide optimum gain, minimum cross-polarization radiation performance. The results obtained are justified qualitatively as well as quantitatively.
